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Pages 4-5. - Text should read as fo l lows:  
Looking a t  the  case a l luded t o  i n  the in t roduc t ion ,  the  f o l l o w i n g  
condi t ions de f ined the problem: With a spacecraft a t  824 km a l t i t u d e ,  the 
imager was t o  look a t  the Ear th 's  l imb from 50 km t o  550 km above the  tangent 
po in t ,  both d i r e c t l y  ahead ( p o s i t i v e  "XI1 ax is )  and 90 degrees t o  the  s ide o f  
the spacecraft d i r e c t i o n  o f  t r a v e l  (i.e. along ' lY'l  axis) .  To accomplish 
t h i s  imaging geometry, the  imager o p t i c a l  ax i s  was aimed t o  the  rearward 
d i r e c t i o n  and down. A scan m i r r o r  red i rec ted  the o p t i c a l  a x i s  towards the  
d i r e c t i o n  o f  t r a v e l  , o r  t o  the r i g h t  o r  l e f t  under comnand. The downward t i l t  
w i t h  respect t o  the spacecraft mounting plane was 24 degrees. Rota t ion  o f  the 
scan m i r r o r  was t o  be about a l i n e  i n  the plane o f  the f ron t  surface o f  the 
r e d i r e c t i n g  m i r r o r  (approximately along the "Z" ax is ) .  
Page 5. - Last  Paragraph should read: 
When the m i r r o r  i s  ro ta ted  t o  move the o p t i c a l  a x i s  t o  the  s ide o f  the 
spacecraft,  as i l l u s t r a t e d  i n  Figure 4b, the cond i t ion  i s  d i f f e r e n t .  I n  t h i s  
case, scanning the  m i r r o r  normal upward i n  a d d i t i o n  t o  i t s  s ide r o t a t i o n  w i l l  
y i e l d  an image ro ta t i on .  The i n i t i a l  movement o f  the m i r r o r  i n  the plane 
perpendicular t o  the spacecraft Z a x i s  would simply r e t a i n  the  depression, bu t  
would a l so  r o t a t e  hor izon ta l  l i n e s  i n  the imager so t h a t  t h e i r  p r o j e c t i o n  
would be near l y  p a r a l l e l  t o  the horizon. Now scanning the  m i r r o r  normal t o  
have a Z a x i s  component a l so  causes a Z ax i s  component i n  the pro jec ted  
ho r i zon ta l  l i n e s  as we l l  as the v e r t i c a l  ones. The amount o f  the r o t a t i o n  o f  
the ho r i zon ta l  l i n e  (which s t a r t s  w i t h  some v e r t i c a l  p ro jec t i on )  can be 
developed from the fo l low ing :  Le t  n be the vector normal t o  the  r e f l e c t o r  
surface and have the  form: 
Page 6. - There are two missing equations: 
Cos R,= 2Sin Q Sin a Cos Q 
Page 6. - The equations f o r  tangent o f  the r o t a t i o n  angle should read: 
a Rx = 2 - Rz S i n  Rx tan  Rx = -a cos Rx' 
- Cos 4 Sin a S in  4 - 
S in  4 Sin 4 Cos a S in  a 
c o t  4 
cos a 
- 
tan ~x =,$,cot 4 
= 2 c o t  4 f 
Rx =p($ - 6 ) 
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I n t r o d u c t i o n  
Dur ing the  eva lua t i on  o f  proposals submitted i n  response t o  the 
Announcement o f  Opportuni ty f o r  EOS, a quest ion arose as t o  image r o t a t i o n  
e f f e c t s  caused by scan mir rors .  
descr ibed the i n t e n t i o n  o f  us ing a p o i n t i n g  m i r r o r  t o  r e d i r e c t  a rearward 
p o i n t i n g  o p t i c a l  a x i s  t o  the forward d i r e c t i o n  and t o  two acute angles on 
e i t h e r  s lde o f  forward. I n  the technica l  d iscussions r e l a t e d  t o  t h i s  
proposal, i t  was be l i eved  t h a t  any such r e d i r e c t i o n  would cause a major, and 
uncompensated, r o t a t i o n  o f  the image. 
I t  i s  t he  purpose o f  t h i s  document t o  examine the  general problem o f  
image r o t a t i o n  i n  e l e c t r o - o p t i c a l  imagers, t o  develop the  necessary ana lys i s  
t o  q u a n t i f y  t he  r o t a t i o n ,  and t o  r e l a t e  the  r e s u l t s  t o  t h e  above mentioned 
example. 
I n  p a r t i c u l a r ,  one instrument proposal 
Theory 
The fundamental p r i n c i p l e  invo lved here i s  what I s  comnonly r e f e r r e d  t o  
as " the  angle o f  incidence equals the angle o f  re f lect ion. ' '  The o r i g i n  o f  
t h i s  r e l a t i o n s h i p  comes from h i s t o r i c a l  p r a c t i c a l  observat ion,  q u a n t i f i e d  i n  
modern electro-magnet ic f i e l d  theory. 
a r e f l e c t o r  i s  f o r  t he  e l e c t r i c  f i e l d  t o  match the  boundary c o n d i t i o n  o f  "no 
t a n g e n t i a l  o r  normal e l e c t r i c  f i e l d s  pene t ra t i ng  the  ( p e r f e c t )  r e f l e c t o r ' '  
a long the  i n t e r f a c e  between the two. Such a requlrement i m p l i e s  t h a t  t he re  
must be another wave, the r e f l e c t e d  wave, t r a v e l i n g  outward, as i l l u s t r a t e d  i n  
F igu re  1. Otherwise, t he re  w i l l  be no hope o f  everywhere meeting the  boundary 
c o n d i t i o n  o f  no e l e c t r i c  f i e l d  pene t ra t i ng  the ( p e r f e c t )  r e f l e c t o r .  Since 
the re  a r e  no o the r  sources o f  propagat ing waves, t he  r e f l e c t e d  wave must have 
the f o l l o w i n g  c h a r a c t e r i s t i c s :  The p a r t  o f  the i n c i d e n t  propagat ion vector  
normal t o  t h e  sur face must change s ign  t o  become an outward d i r e c t e d  wave. 
The t a n g e n t i a l  component o f  the propagat ion vector  w i l l  be matched by an equal 
one from t h e  r e f l e c t e d  wave t o  match the boundary cond i t i ons  a t  the r e f l e c t o r .  
Moreover, s ince the m a t e r i a l  constants f o r  each propagat ion vec to r  a re  the 
same, then the  magnitude o f  the two vectors  a r e  the same. 
I n  electro-magnect ic f i e l d  terms, the requirement f o r  a wave impinging on 
I n  vec to r  terms, t h i s  e f f e c t  can be w r i t t e n :  
+ + + +  + + +  = (n*k)n; 2, = 2 - (n*k)n 
+ + + +  
kP 
2' = k - 2(n*k)n 
1 
+ 
Where it i s  the p a r a l l e l  component o f  the propagation vector ,  kn i s  the 
normal component, and ii i s  the normal t o  the r e f l e c t o r  surface. 
medium, then the magnitude o f  the t w o  propagation vectors  must match. 
P 
No te  t h a t  s ince the  i n c i d e n t  wave and the r e f l e c t e d  wave are i n  the same 
+ +  + +  + +  + +  2 = k.k - 4( n.k) (nok) + 4(n*k) 
I f  now the do t  product o f  the r e f l e c t e d  wave propagat ion vector  i s  taken 
against  t he  normal t o  the r e f l e c t o r  surface, Z, the f o l l o w i n g  r e s u l t s :  
+ +  + +  * + + +  
n.k' = n.k - 2(n.k)n.n 
+ +  
= -2n.k 
= - l i t l C t w  
Where 8 '  i s  t he  angle between the propagation vector  and the normal i. 
And, i f  She d o t  product o f  the i n c i d e n t  wave i s  taken aga ins t  t h e  normal 
vector,  n, then i t  i s  seen t h a t  the cosines o f  the two angles 8' and 8 are  
opposi te  i n  sign. 
+ +  
n.k = IZlcose 
That i s ,  they a r e  180 degrees from one another and o f  t h e  same maginitude, 
demonstrat ing t h a t  t he  "angle o f  incidence equals the angle of ref lectance' ' .  
The process j u s t  descr ibed i n  generat ing the r e f l e c t e d  wave propagat ion 
vec to r  i s  l i n e a r  i n  the  sense t h a t  two waves each produce a component from 
the  r e f l e c t o r  normal p ropor t i ona l  t o  the o t  p r  duc t  between the two. Thus, 
g iven two waves w i t h  propogat ion vectors  1 and 3 the e f f e c t  o f  t he  m i r r o r  
r e f l e c t i o n  on a t h i r d  propagat ion vector  b ,  which i s  t he  d i f ference between 
them i s  ev iden t l y :  
dl = d - 2(ii.d)ii 
81 = z1 - 2(ii.z1)ii 
b' = 31-8' = (1-3, - 2(i;.X)i; + 2( i i *8) i i  
= b - 2(ii.b)ii; d = d-b 
Therefore, the e f f e c t  o f  r e f l e c t i o n  from a mirror sur face can be 
convenient ly  descr ibed by t h i s  vec to r  equation. Some obvious i m p l i c a t i o n s  
can be noted. F i r s t ,  i f  the re  i s  no component o f  t he  source vec to r  i n  the 
d i r e c t i o n  o f  the normal t o  the  r e f l e c t o r ,  then the re  i s  no e f f e c t  o f  t he  
m i r r o r  on the source vector. Second, the normal vec to r  can c o n t r i b u t e  
t o  a f f e c t  t he  source vector  i n  a l l  dimensions o f  t he  normal, j u s t  so long as 
the source and normal a re  no t  orthogonal. Third,  even though the normal can 
a f f e c t  the source vector ,  the angles among a group o f  source vectors  a re  
2 
retained. This  can be seen by forming the do t  product between any t w o  source 
vectors  and t h e i r  r e f l e c t e d  versions: 
Fourth, the magnitude o f  the r e f l e c t e d  vector  (a source vector,  the 
propagat ion vector ,  etc.) i s  unchanged, which fo l lows from the above equation 
w i t h  6 chosen the same as A. F i f t h ,  the r o t a t i o n  of the r e f l e c t e d  source 
vector  i s  tw ice  the angle between the incoming source vec to r  and the 
r e f l e c t e d  source vector:  
Where bl 
I i s  the  
vector. 
i s  t he  angle between the r e f l e c t e d  vector  agd the  source vector  and 
angle between the  r e f l e c t o r  normal vector ,  n, and t h e  source 
E f f e c t  i n  an Imaqins System 
To determine the  e f f e c t  o f  an external  scan m i r r o r  i n  an imaging system, 
th ree  th ings  a r e  impor tant  t o  understand. F i r s t ,  imaging systems have some 
s o r t  o f  image forming element, lens, p inhole,  focussing m i r r o r ,  etc., and 
t h a t  element has the  p roper t y  o f  more o r  l e s s  ma in ta in ing  geometric r e l a t i o n -  
sh ips between elements i n  the o b j e c t  and the image generated. Second, i n  
the  f o c a l  area o f  the imaglng system i s  some s o r t  o f  scanning aper ture o r  
de tec to r  a r r a y  whose geometry, i n  conjunct ion w i th  t h e  o p t i c a l  ax i s ,  se ts  the  
geometric o r i e n t a t i o n  o f  the imaging system. Third,  t he re  i s  an i n v e r s i o n  i n  
t r a v e l l i n g  through t h e  imaging system, l e f t - f o r - r i g h t ,  top-for-bottom, which 
causes the  image vec to r  t o  be the  negat ive o f  what impinges on the  external  
scan mir ror .  I n  a l l  t h a t  fo l lows,  note the appearance o f  a s i s n  reversa l  i n  
the  vec to r  equations t o  account f o r  the f a c t  t h a t  vec to rs  a r e  assuned t o  
o r i g i n a t e  i n  the imase s ide  o f  t he  o p t i c a l  device. 
The question, i n  s implest  terms, o f  whether and how an image i s  r o t a t e d  
i s  one o f  picking a vec to r  i n  the  image plane and determining how t h a t  vector  
p r o j e c t s  aga ins t  t he  scene o f  i n t e r e s t .  I t  i s  o f  i n t e r e s t  t h a t  image r o t a -  
t i o n  i s  n o t  always a bad th ing,  and sometimes i s  e s s e n t i a l  f o r  proper system 
performance. For example, an imager on a spacecraf t  may be des i red  t o  look 
forward and sideways a t  t he  horizon. Pointed i n  the  d i r e c t i o n  o f  t r a v e l ,  
the imager would see v e r t i c a l  l i n e s  along an Ear th rad ius  vec to r  a t  the 
tangent p o i n t ,  and h o r i z o n t a l  l i n e s  perpendicu lar  t o  the  rad ius  vector  and 
approximately)  perpendicu lar  t o  the o p t i c a l  a x i s  t o  the  ta rge t .  Looking t o  
the s ide  of the spacecraf t ,  the v e r t i c a l  l i n e s  would be again along the  
rad ius  vector  a t  t h a t  tangent p o i n t ,  and the  "cross- l ines"  would again be 
3 
perpendicu lar  t o  both o p t i c a l  a x i s  and rad ius vector. However, these 
I1cross- l inest1 w i l l  a l s o  be perpendicular t o  the l lcross- l ines" i n  f r o n t  o f  the 
spacecraf t ,  having I t rotatedl t  from across the spacecraft t r a c k  t o  along it. 
I n  t h i s  case, the r o t a t i o n  o f  the image i s  des i rab le  and, i n  f a c t ,  the 
imaging scan system must prov ide the r o t a t i o n  o f  the imaging coordinates f o r  
proper operation. 
Undesirable r o t a t i o n  occurs when there i s  r o t a t i o n  between the o p t i c a l  
System axes i n  the image p lan  and the o r i e n t a t i o n  o f  the t a r g e t s  o f  i n t e r e s t ,  
re fe r red  t o  the image plane. 
Some Examples 
The s implest  case i s  a m i r r o r  set  t o  r o t a t e  about one s i n g l e  a x i s  i n  
order t o  scan some f i e l d  o f  view. Two cases w i l l  be examined: A m i r r o r  
r o t a t i n g  about an a x i s  perpendicular t o  the o p t i c a l  a x i s  of an imager and a 
m i r r o r  r o t a t i n g  about the same a x i s  as the o p t i c a l  ax is .  I n  the f i r s t  case 
i l l u s t r a t e d  i n  F igure 2, the m i r r o r  normal i s  perpendicu lar  t o  one s e t  o f  
p a r a l l e l  l i n e s  and i n  l i n e  w i th ,  b u t  w i t h  vary ing p r o j e c t i o n  against ,  the 
orthogonal s e t  i n  the o p t i c a l  image plane. From the above considerat ions,  
the s e t  o f  cons tan t l y  orthogonal l i n e s  w i l l  p r o j e c t  completely una t e r e d  
except f o r  t he  l e f t - t o - r i g h t ,  top-to-bottom invers ion:  
dl = -3 + 2 ( X ) 3  
= -d; n d 
The o the r  s e t  has a component from the normal which sweeps around i n  
o r i e n t a t i o n  from completely i n  l i n e  t o  completely orthogonal ( i n  the l i n e  o f  
the o p t i c a l  a x i s )  t o  t h i s  set: 
= (-B + BCosZR)Tx + (BCosnSinR)ty 
= B(Cos2dx + S i n 2 d y )  
Thus, the l l in- l inelt  s e t  o f  l i n e s  i n  the image plane form a p ro jec ted  s e t  
( i nve r ted )  which r o t a t e  around w i t h  the normal vector,  b u t  tw ice  as fas t .  
ax is ,  as i l l u s t r a t e d  i n  F igure 3 ,  the normal has components a t  var ious p o i n t s  
i n  the r o t a t i o n  which over lap and then become orthogonal t o  a l l  sets  o f  
s t r a i g h t  l i n e s  i n  the  image plane. Thus, a p ro jec ted  image w i l l  r o t a t e  round 
and round as the  normal progresses, b u t  w i thou t  the "two-times" r e l a t i o n s h i p  
i n  the  former case. With a m i r r o r  s e t  a t  a 45-degree angle t o  the o p t i c a l  
a x i s  ( s t i l l  r o t a t i n g  about the o p t i c a l  a x i s )  then the image w i l l  p r o j e c t  a t  a 
90-degree angle. With the m i r r o r  d e f l e c t i n g  the image s t r a i g h t  down, say, 
h o r i z o n t a l  l i n e s  w i l l  s t i l l  be a n t i - p a r a l l e l  i n  object and image. But i f  the 
m i r r o r  r o t a t e s  90 degrees, the l i n e s  w i l l  be orthogonal, those i n  p r o j e c t i o n  
being tlfront-to-backll t o  t h e i r  "s ide-to-side" source i n  the image plane 
(vec to r  B and B '  i n  F igure 3 ) .  
Looking a t  the case a l l uded  t o  i n  the i n t r o d u c t i o n ,  t he  f o l l o w i n g  
cond i t i ons  def ined the problem: With a Spacecraft a t  824 km a l t i t u d e ,  the 
I n  the case o f  a m i r r o r  r o t a t i n g  about an a x i s  p a r a l l e l  t o  the  o p t i c a l  
4 
imager was t o  look a t  the Ear th ' s  l imb from 50 km t o  550 km above the tangent 
p o i n t ,  both d i r e c t l y  ahead and 90 degrees t o  the s ide of t he  spacecraf t  
d i r e c t i o n  o f  t rave l .  To accomplish t h i s  imaging geometry, t he  imager o p t i c a l  
a x i s  was aimed t o  the rearward d i r e c t i o n  and down. A scan m i r r o r  red i rec ted  
the o p t i c a l  a x i s  towards the d i r e c t i o n  o f  t r a v e l ,  o r  t o  the r i g h t  o r  l e f t  
under comnand. The downward t i l t  w i t h  respect t o  the spacecraft mounting 
plane was o f  24 degrees. Ro ta t i on  o f  the scan m i r r o r  was t o  be i n  the plane 
o f  the f r o n t  surface o f  the r e d i r e c t i n g  mirror. 
Given these parameters, a few r e l a t i o n s h i p s  can be po in ted  out. F i r s t ,  
the E a r t h ' s  tangent p o i n t  from 824 km is out a t  approximately 3342 km and 
represents a depression angle o f  27 degrees. I f  the ex te rna l  plane m i r r o r  has 
i t s  normal p a r a l l e l  t o  the plane o f  the spacec ra f t / op t i ca l  imager, then a rear  
p o i n t i n g  depression o f  27 degrees y i e l d s  a forward r e f l e c t e d  depression o f  the 
requi red 27 degrees. 
planned t o  cover the  range from 27 degrees depression t o  about 18. 
The scan from a p o i n t  50 km above the Ear th ' s  l imb  t o  550 km above the 
l imb  represents a s t a r t  a t  about 0.9 degrees above the  tangent p o i n t ,  cont in-  
u ing  t o  about 9.3 above the tangent po int .  Thus, the depression angle must 
change and a c e r t a i n  amount o f  image r o t a t i o n  may occur. I n  t e r n s  o f  what 
has a l ready been presented, the amount o f  image r o t a t i o n  can be ca l cu la ted  by 
assuming t h a t  t he  scan m i r r o r  normal i s  g iven a Z a x i s  t i l t  i n  an opposi te 
d i r e c t i o n  t o  the  backward t i l t  o f  the o p t i c a l  a x i s  and j u s t  enough t o  r o t a t e  
the  l i n e  t o  the  tangent p o i n t  upward t o  s t a r t  a t  50 km and end a t  550 km. I n  
the  forward l ook ing  case, a h o r i z o n t a l  l i n e  i n  the image plane would have no 
do t  product w i th  the m i r r o r  normal a t  any tilt, whil'e a v e r t i c a l  l i n e  would, 
y i e l d i n g  a f o r e  and a f t  t i lt i n  i t s  p r o j e c t i o n  a t  the tangent, as i l l u s t r a t e d  
i n  F igu re  4a. 
When the m i r r o r  i s  r o t a t e d  t o  move the o p t i c a l  a x i s  t o  t h e  s ide  o f  the 
spacecraf t ,  as i l l u s t r a t e d  i n  F igure 4b, the c o n d i t i o n  i s  d i f f e r e n t .  I n  t h i s  
case, scanning t h e  m i r r o r  normal upward i n  a d d i t i o n  t o  i t s  s ide  r o t a t i o n  w i l l  
y i e l d  a r o t a t i o n .  The i n i t i a l  movement o f  the m i r r o r  i n  the  plane perpendi- 
c u l a r  t o  the  spacecraf t  Z a x i s  simply re ta ined  the  depression, b u t  a l s o  
r o t a t e d  h o r i z o n t a l  l i n e s  i n  the imager so t h a t  t h e i r  p r o j e c t i o n  was s t i l l  
p a r a l l e l  t o  the  horizon. Now r o t a t i n g  the  normal t o  have a Z a x i s  component 
a l s o  causes a Z a x i s  component i n  the p ro jec ted  h o r i z o n t a l  l i n e s  as w e l l  as 
the v e r t i c a l  ones. The amount o f  the r o t a t i o n  o f  t he  h o r i z o n t a l  l i n e  (which 
S t a r t s  w i t h  no v e r t i c a l  p ro jec t i on ) .  can be developed from the fo l l ow ing :  L e t  
n be the  vec to r  normal t o  the  r e f l e c t o r  surface and have the  form: 
I n  the case here, a m i r r o r  scan o f  a few degrees was 
+ n - Sin4CosaTx + Sin4Sinat + ~ o s ~ t ~  
Y 
Where the no rma l i za t i on  o f  the d i r e c t i o n  cosines has been used t o  express 
t h e  new u n i t  v e c t o r  components i n  terms o f  t he  previous ones. I n  the  case 
here, t he  m i r r o r  normal s t a r t e d  a t  a 45-degree angle w i t h  respect t o  the  
spacecraf t  t a n g e n t i a l  v e l o c i t y  vector,  so tQe angles can be evaluated 
eas i l y .  L e t  t he  source vec to r  be a vector  o t h a t  i s  perpendicu lar  t o  the 
spacecraf t  v e l o c i t y  and zeni th-nadi r  a x i s  vectors  (a v e c t o r  i n  Yaw.) 
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Then, i t  remains t o  determine the X and Z components of the vector  o 
Once the components are found, then t a k i n g  the arctangent w i l l  
when the m i r r o r  i s  po in ted  out  a t  45 degrees (remembering the double angle 
r o t a t i o n  t o  90 degrees t o  the spacecraf t  t rack  i n  order t o  look t o  the s ide 
hor izon).  
y i e l d  the ar$ount o f  r o t a t i o n .  
product o f  0 w i t h  a u n i t  vector  i n  the Z d i r e c t i o n :  
While the X component can be found i n  a s i m i l a r  way: 
The Z component can be found by tak ing  the dot  
The tangent o f  t he  angle Rx i s  then found t o  be: 
ll 2 - Rz si nRx tanRx = m; Rx = 
CosdSi nasi nQ 
= s ings ing  
= 2 CoteSina 
For the  case here i n  which a i s  45 degrees the approximat ion t o  the  tangent 
and cotangent can be used, remembering t h a t  g i s  c lose t o  90 degrees: 
2 
2 
tanRx = - Cotg 
= 2 c o t  0 
Using the values here f o r  the change i n  depression angle from 27 degrees 
down t o  about 18 degrees i n  scanning from 50 km up t o  550 km a t  the tangent 
he ight ,  t he  amount o f  r o t a t i o n  i s  thus seen t o  be approximately 12.0 degrees. 
Concl us ion 
An a n a l y s i s  o f  t he  comnonly encountered quest ion o f  t he  e f f e c t s  o f  scan 
m i r r o r s  on scene o r i e n t a t i o n  o r  r o t a t i o n  f o r  image forming systems has been 
presented. Some simple vector  r e l a t i o n s h i p s  have been presented, which when 
combined w i t h  the a n t i c i p a t e d  a p p l i c a t i o n  condi t ions,  make i t  poss ib le  t o  
e a s i l y  assess image o r i e n t a t i o n  e f f e c t s  r e s u l t i n g  from scan m i r ro rs .  The 
ana lys i s  has been app l i ed  t o  some examples f o r  i l l u s t r a t i o n  and t o  one 
example o f  cu r ren t  i n t e r e s t .  I n  the l a t t e r  example, t he  degree o f  image 
s h i f t  has been presented; and i n  the process, the danger o f  f a l l i n g  i n t o  






Figure 1. Illustration .-of geometry of reflection 
of a plane wave. I 
Figure 2. Case of a scan mirror rotating about 
an axis perpendicular to the optical axis. 
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Figure 3. Case of a scan mirror rotating about an axis 





Figure 4.. Case of a scan mirror designed to move 
the target point to the horizon from a 
spacecraft mounted backward pointing imager. 
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